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INTRODUCTION 


Aplasia  of  the  bone  marrow  has  long  been  recognized  as 
a  potentially  lethal  sequela  of  disease  of  the  hlood  forming  organs 
and  as  a  side-effect  of  total  body  irradiation.  It  was  not  until 
the  possibility  of  widespread  use  of  ionizing  radiation,  both  in 
weapons  systems  and  for  therapy  of  malignant  and  other  diseases 
as  well  as  the  first  use  of  bone-marrow  inhibiting  antineoplastic 
chemicals  in  the  middle  to  late  forties  that  concerns  about  treatment 
of  bone  marrow  aplasia  received  serious  consideration.  Only  since 
the  mid-fifties  however,  have  a  substantial  number  of  reports  describing 
bone-marrow  transplantation  appearedF-5^  It  is  not  coincidental 
that  most  of  the  early  reports  of  successful  transplants  described  !: 
the  use  of  cryo-preserved  marrow.  Early  trials  of  homologous  trans¬ 
plants  were  largely  unsuccessful  because  of  the  dearth  of  data  con¬ 
cerning  the  immunologic  requirements  for  establishing  and  maintaining 
stable  allografts.  The  great  majority  of  the  reports  of  successful 
bone  marrow  engraftments  in  man  or  animal  have  been  the  result  of 
alitologous  or  isologous  transplants.^  Marrow  for  autologous  infusion 
must  be  obtained  before  the  insult  to  the  bone  marrow  occurs,  in 
the  case  of  irradiation  or  while  a  patient  is  in  remission  in  cir¬ 
cumstances  where  the  intention  is  to  treat  a  patient  in  which  a 
relapse  of  a  hematologic  abnormality  is  predictable. 
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In  most  instances,  the  cells  must  be  stored  for  periods  beyond  which 
they  can  reasonably  be  expected  to  remain  viable  in  the  non-frozen  state. 

A  variety  of  cryoprotective  media^»®»^»  freezing  ratesl0>ll»12,  freezing 
containers7»12,13t  etc.  have  been  suggested  as  optimal  for  successful 
cryopreservation  of  bone  marrow.  Many  of  these  methods  have  been  successful, 
as  measured  by  several  in  vitro  and  in  vivo  criteria. 

There  are  a  variety  of  problems  associated  with  marrow  transplants, 
however. 14,  15  for  example,  a  surgical  procedure  is  required  which  is  not 
easily  repeated;  the  number  of  cells  obtained  may  be  insufficient  for 
engraftment;  general  anesthesia  is  required.  There  is  great  heterogeneity 
of  bone  marrow  cells.  Recent  evidence  suggests  that  stem  cells  may  be 
obtained  from  the  peripheral  blood  in  quantities  sufficient  to  repopulate 
a  compromised  bone  marrow. 14, 16^20  Compared 

to  the  use  of  autologous  bone  marrow  transplantation  the  use  of  peripheral 
blood  mononuclear  cells  to  repopulate  the  bone  marrow  has  several  advantages: 

(a)  repeated  cell  collections  are  possible  over  a  relatively  short 
period  of  time. 

(hi  no  anesthesia  is  required 

(c)  further  purification  for  cryopreservation  of  cells  destined  for 
autologous  therapy  may  not  be  necessary 

(d)  no  surgical  procedures  are  required 

The  same  requirements  obtain  for  transfusion  of  autologous  mononuclear 
cells  as  for  bone  marrow  with  respect  to  the  need  for  storage  over  a  rea¬ 
sonably  long  period  of  time.  The  extensive  results  from  studies  of 
cryopreservation  of  bone  marrow  are  now  being  applied  to  that  of  peripheral 
blood  mononuclear  cells.  There  are  essentially  no  common  protocols  for 
cryopreservation  of  those  cells.  There  is  general  agreement  however. 
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that  dimethylsuloxide  (Me2S0)  in  a  concentration  of  about  10%  is  the  best 
cryoprotecti ve  agent  reported  to  date.  The  cells  should  be  frozen  at  some- 
i  where  between  1  an&3  C/minute  to  at  least  -40  C.  In  most  instances,  a 
graded  freezing  unit  is  used  to  reduce  the  temperature  at  a  constant 
rate.  The  freezing  time  may  vary,  therefore,  between  15  and  45  minutes. 

There  are  some  cooling  regimens  which  are  programmed  in  rather  complicated 
patterns,  e.g.  6  C/min  (liquid  phase),  90  sec  phase  transition  time,  2  C/min 
down  to  -35  C,  20  C/min  down  to  -100  C.  This  procedure  required  the  design 
of  an  entirely  new  freezing  device. 15 

Previous  experience  by  this  group  in  cryopreservation  of  platelets 
suggested  that  these  cells  could  be  successfully  frozen  without  using 
a  graded  freezing  apparatus. 21  When  placed  in  a  meclnnical  freezer  at 
-8Q  C,  there  was  a  relatively  constant  freezing  rate  of  2  to  3  C/min. 

One  of  the  objectives  of  the  present  study  was  to  determine  whether  peri¬ 
pheral  blood  mononuclear  cells  could  be  successfully  cryopreserved  by  this 
simple  freezing  technique. 

In  general,  peripheral  blood  MNC's  are  separated  from  the  contaminating 
red  blood  cells  hefore  freezing  by  sedimentation  of  the  RBC's  with  dextranl2 
or  hydroxetWl  starch20  and  often  further  purification  by  Ficoll-Hypaque 
gradient  centrifugation. 22  Goldman,  however,  although  using  controlled 
rate  freezing  routinely  froze  buffy  coats  together  with  contaminating 
red  cellsl°  with  apparently  satisfactory  results.  A  second  objective 
of  this  study,  therefore,  focused  on  the  recovery  and  viability  of  frozen/ 
thawed  peripheral  blood  MNC's  without  separation  from  the  contaminating 
erythrocytes . 

For  practical  purposes,  a  decision  to  repopulate  the  bone  marrow 
of  patients  rendered  aplastic  either  by  irradiation  or  by  marrow-inhi biting 
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drugs  also  dictates  extensive  blood  component  support.  This  includes 
several  to  many  platelet  transfusions  to  treat  the  concomitant  thrombo¬ 
cytopenia.  Previous  experience  in  harvesting  platelets  with  the  Haemonetics 
30  had  shown  that  the  residue  obtained  from  separation  of  the  platelet- 
rich  plasma  from  contaminating  red  blood  cells  was  relatively  rich  in 
mononuclear  cells. 23  a  third  objective  of  this  study  was  to  determine 
whether  it  was  possible  to  collect  significant  numbers  of  peripheral  blood 
MNC's  as  a  by-product  of  platelet  collections. 
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MATERIALS  AND  METHODS 

Isolation  of  Platelets  and  Buffy  Coats  by  Discontinuous  -  Flow 
Centrifugation  Using  the  Haemonetics  -  30  Blood  Processor 

Healthy  beagle  dogs  weighing  10  to  15  kg  were  studied.  At  least 
two  weeks  before  their  first  apheresis  procedure,  an  arterio-venous  fistula 
was  surgically  created  between  the  carotid  artery  and  jugular  vein  to 
provide  sufficient  pressure  in  the  vein  to  allow  adequate  blood  flow  to 
the  blood  processing  apparatus.  For  blood  component  collection  an  outflow 
catheter  (16  gauge)  was  inserted  into  the  venous  segment  of  the  A.V. 
fistula.  A  return  catheter  (18  gauge)  was  inserted  into  a  vein  in  the 
fore  leg.  A  Haemonetics  pediatric  bowl  (125  ml  capacity)  was  used. 

Platelet  collection  was  started  when  the  platelet-containing  ring  was 
about  2  cm  from  the  core  of  the  bowl.  Before  beginning  the  platelet 
collection,  blood  was  collected  into  the  bowl  at  60  ml/minute.  During 
the  platelet  and  buffy  coat  collection,  the  flow  was  reduced  to  20  ml/minute 
ahd  was  continued  for  either  45  or  60  seconds  after  red  blood  cells  appeared 
in  the  collection  port.  The  excess  plasma  and  red  blood  cells  were  returned 
to  the  dog.  This  was  repeated  three  times,  for  a  total  of  four  "passes." 
Acid-citrate-dextrose  (Formula  A)  in  a  ratio  of  1:7  was  used  as  the 
anticoagulant.  A  total  of  120 to  200  ml  was  collected. 

Separation  of  Cellular  Components 

A  volume  of  ACD,  Formula  A,  equivalent  to  7.5%  of  the  volume  of  the 
platelet  and  MNC-rich  concentrate  was  added  and  the  mixture  was  centrifuged 
at  160  g  for  10  minutes  in  a  Sorval  R3CB  centrifuge  at  room  temperature. 
The  platelet-rich  plasma  free  of  red  blood  cells  and  leukocytes  was 
expressed  into  a  separate  300  ml  transfer  pack  and  the  platelets  were 
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concentrated  by  centrifugation  at  4500  g  for  5  minutes.  All  but  30  ml 
of  the  platelet-poor  plasma  was  expressed  from  the  platelet  concentrate 
into  a  second  transfer  pack  (300  ml)  .This  platelet-poor  plasma  was  frozen 
at  -20  C  for  future  use.  The  platelet  concentrate  was  kept  at, room 
temperature  for  90  minutes  and  then  gently  resuspended  by  manual  agitation. 

A  platelet  count  was  obtained  in  duplicate  using  phase-contrast  microscopy. 
The  platelet  yield  was  calculated  by  multiplying  the  mean  of  these  two 
counts  by  the  volume.  A  small  sample  of  the  MNC-rich  residue  was  obtained 
for  determination  of  the  number  of  MNC's.  White  blood  cell  counts  were 
determined  in  triplicate  using  the  Coulter  mod.  ZF.  Smears  were  prepared 
in  duplicate  for  differential  white  blood  cell  counts.  The  number  of  MNC's 
was  determined  by  multiplying  the  white  blood  cell  count  by  the  percentage 
of  mononuclear  cells  on  the  smears  and  by  the  volume  of  the  residue. 
Cryopreservation  of  Buffy  Coat  MNC's 

A  cryopro  tective  solution  in  a  volume  equal  to  the  volume  of  buffy 
coat  to  be  frozen  (30  to  40  ml)  was  prepared  by  addition  of  dimethyl  sulf¬ 
oxide  to  McCoy's  medium  in  a  ratio  of  80:20.  The  appropriate  volume  of 
cold  McCoy's  was  pipetted  into  a  sterile  bottle  which  was  in  ice.  The 
Me2S0  was  injected  into  the  McCoy's  by  syringe  over  about  one  minute 
with  constant  manual  spinning  of  the  bottle  to  dissipate  the  heat  generated 
by  an  endothermic  reaction.  With  use  of  an  18  gauge,  3%  inch  spinal  needle, 
the  Me2S0/McCoy's  mixture  was  added  to  the  cell  suspension  which  had 
been  transferred  aseptically  to  a  polyolefin  (Del  Med)  freezing  bag  fitted 
with  a  sampling  port  (Fenwal  #  4C2405) .Addition  of  the  cryoprotectant 
was  accomplished  in  one  of  two  ways: 

(a}  rapid  addition  in  one  to  two  minutes  with  constant  agitation 
of  the  bag  on  ice 
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(b)  slow  addition  by  drip  over  15  to  20  minutes  with  constant 

agitation  at  about  100  lateral  oscillations  per  minute,  on  ice. 

The  bag  was  placed  in  an  aluminum  freezing  container  and  frozen  in  *>ne 
of  two  ways: 

(a)  by  immediate  placement  into  a  -80  C  mechanical  freezer  for 

12  hours  followed  by  placement  in  the  gas  phase  of  liquid  nitrogen 
refrigerator  (-150  C) 

(b)  freezing  in  a  Cryo-Med  graded  freezing  unit  at  1  C/min  from 
+5  to  -40  C  followed  by  placement  in  the  gas  phase  of  a  liquid 
nitrogen  refrigerator  (-150  C) 

Three  of  these  combinations  were  used  in  this  study: 

(a)  rapid  addition  of  cryoprotectant  followed  by  immediate  placement 
in  -80  C  freezer  (simple  protocol) 

(b)  slow  addition  of  cryoprotectant  and  immediate  placement  at  -80  C 

(c)  slow  addition  of  cryoprotectant  and  freezing  at  1  C/min 

Thawing  and  Washing  Procedures 

The  concentrates  were  thawed  by  immersion  of  the  bag  in  a  37  C  water 
bath  with  constant  manual  agitation  until  the  last  ice  particle  had  melted. 

This  was  generally  accomplished  in  less  than  30  seconds.  An  0.5  ml  sample 
was  immediately  withdrawn  aseptically  by  syringe  and  needle  for  counts 
and  50  ml  of  McCoy's  medium  was  added  rapidly  by  needle  through  the  sampling 
port.  The  dilute  concentrate  was  transferred  to  a  300  ml  polyviny1 ;hloride 
bag  and  centrifuged  at  4160  rpm  for  5  minutes  in  a  Sorval  R3CB  centrifuge. 
The  supernatant  was  drawn  off  through  a  sterile  Fenwal  #4C2244  transfer  set 
and  replaced  with  35  to  50  ml  of  homologous  plasma.  The  cells  were  re¬ 
suspended  by  gentle  manual  agitation  of  the  bag.  A  second  0.5  ml  sample 

was  withdrawn  for  testing  purposes.  In  the  late  stages  of  the  study. 


8 


a  second  wash  with  50  ml  McCoy's  medium  was  interposed  between  the 
first  wash  and  the  final  suspension  in  plasma.  A  sample  was  also 
obtained  following  this  wash  for  counts. 

The  studies  carried  out  after  thawing  and  washing  were: 

(1)  total  WBC  count  in  triplicate  using  the  Coulter  ZF 

(2)  differential  WBC  count  by  traditional  methods  on  slides 
stained  with  Wright ' s-Giemsa 

(.3)  viability  index  using  fluorescein  diacetate  (FDA)  (green 
f luorescence=  viable)  and  ethidium  bromide  (EB)  (red 
fluorescence  =  nonviable)  For  this,  a  Zeiss  fluorescence 
microscope  was  used. 


RESULTS 


As  seen  in  Table  1  the  average  harvest  of  platelets  from  a  four  pass 
apheresis  procedure  was  1.26  X  10*1  cells.  From  the  same  collection, 
an  average  yield  of  1.34  X  10^  peripheral  blood  mononuclear  cells  was 
obtained. 

Recoveries  of  mononuclear  cells  after  freezing  and  thawing  were 
greatest  when  they  had  been  frozen  at  1  C/min  with  slow  addition  of  the 
cryophylactic  solution,  (Table  2)  However,  the  difference  between  *nosa 
cells  and  the  samples  frozen  by  the  simple  protocol  in  the  -80  C  freezer, 
although  measurable,  were  inconsequential.  The  lowest  recoveries  were 
obtained  using  slow  addition  of  the  Me2S0  solution  and  freezing  in  the 
-80  C  freezer.  However,  the  percentage  viability  of  the  recovered  cells 
was  greatest,  although  not  substantially  in  the  samples  frozen  in  the 
-80  C  freezer  with  rapid  addition  of  the  cryophylactic  solution  (simple 
protocol).  In  19  of  21  individual  experiments,  the  viability  index  was 
increased  after  washing  the  cells  in  McCoy's  medium  and  suspension  in 
plasma  as  compared  with  the  cells  measured  immediately  post- thaw.  The  re 
maintng  two  samples  showdd  essentially  identical  viabilities. 

Calculation  of  the  combined  recovery  and  viability  of  frozen,  thawed 
and  washed  MNC's  (Table  4)  demonstrated  no  significant  difference  between 
those  frozen  at  1  C/min  with  slow  addition  of  the  cryophylactic  agent 
and  those  frozen  at  -80  C  with  rapid  addition.  The  lowest  recovery  of 
viable  cells  occured  among  those  frozen  at  -80  C  after  slow  addition  of 
the  DMSO/McCoy's  solution. 


Increasing  the  huffy  coat  collection  from  45  to  60  seconds 
after  red  blood  cells  appeared  in  the  collection  port  resulted 
in  a  slight  increase  in  the  collection  of  white  blood  cells  (Table  5) . 
However,  this  increase  represented  essentially  all  granulocytes 
and  did  not  improve  the  collection  of  mononuclear  cells. 


DISCUSSION 


Estimates  of  the  number  of  cryopreserved  autologous  peripheral 
blood  mononuclear  cells  required  to  repopulate  the  bone  marrow 
of  lethally  irradiated  animals  or  human  beings  range  from  0.6  to 
2.4  x  109  per  kilogram  of  body  weight-*-® •  -*-9 •  26-28 #  essentially 
every  report  of  cryopreservation  of  these  cells,  a  more  or  less 
complicated  freezing  regimen  has  been  used.  The  harvesting  of  these 
MNC's  has  also,  for  the  most  part,  been  carried  out  exclusively 
for  the  collection  of  these  cells  apart  from  any  other  procedure 
for  the  collection  of  other  blood  cellular  components  for  support 
of  irradiated  individuals  during  the  period  of  bone  marrow  aplasia. 

Our  experience  in  supporting  lethally  irradiated  dogs  with 
platelets  has  suggested  that  as  many  as  12  to  15  units  of  platelets 
may  be  required  to  prevent  bleeding  for  a  period  of  time  during  which 
these  animals  are  at  risk  from  an  aplastic  bone  marrow  (unpublished 
observations) .  The  studies  reported  here  have  demonstrated  that  it 
is  possible  to  collect  more  than  1.3  x  109  peripheral  blood  MNC’s 
as  a  by-product  of  each  platelet  collection  from  dogs  weighing  as 
little  as  10  kg.  By  this  means,  while  collecting  sufficient  numbers 
of  platelets  to  support  the  irradiated  dogs  during  their  period  of 
thrombocytopenia,  it  is  possible  to  collect  16-19  x  109  mnc’s  from 
the  peripheral  blood  simultaneously.  This  represents  up  to  1.9  x  109 
MNC's  per  kg  for  a  10  kg  dog  or  up  to  1.3  x  109  cells/kg  for  a  15 
kg  animal.  These  numbers  are  well  within  the  minimum  limits  for 
transfusion  requirements  as  described  by  other  investigators.  At 
the  rate  of  two  apheresis  procedures  per  week,  six  or  seven  weeks 
are  required  to  collect  sufficient  numbers  of  MNC’s  and  platelets 
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for  support  of  a  lethally  irradiated  dog  using  this  regimen. 

Because  of  fche  time  required  for  collecting  these  cells,  cryo- 
preservation  of  both  the  platelets  and  MNC's  is  required  because 
liquid  preservation  of  neither  of  these  cells  is  possible  for 
more  than  a  few  days. 

The  simplest  freezing  procedure  consistent  with  the  recovery 
of  an  optimal  proportion  of  viable  cellsis  the  goal  of  these 
investigations.  The  vast  majority  of  the  reports  of  cryopreser- 
vation  of  these  cells  have  described,  as  a  minimum,  freezing  at 
defined  rates  in  a  cryophy lactic  medium.  In  most  instances,  freezing 
at  pre-determined  rates  requires  the  use  of  liquid  nitrogen  as 
well  as  expensive  freezing  instruments.  A  simple,  effective 
freezing  method,  in  addition  to  providing  convenience  to  well 
equipped  laboratories  would  make  possible  the  cryopreservation 
of  MNC's  under  less  than  ideal  conditions,  e.g.,  in  developing 
nations,  in  institutions  where  the  number  of  patients  to  be 
supported  with  MNC's  is  too  few  to  justify  expensive  instrumentation, 
etc.  The  studies  described  here  demonstrate  that  viable  peripheral 
blood  mononuclear  cells,  frozen  as  buffy  coat  in  a  mechanical 
freezer  can  be  recovered  in  numbers  not  significantly  less  than 
those  frozen  at  1  C  per  minute  in  a  graded-rate  freezer.  Viability 
was  measured  using  uptake  of  fluorescein  diacetate  and  exclusion 
of  ethidium  bromide,  as  described  by  Persidsky^*  and  by  Lionetti25. 

The  recovery  of  viable  peripheral  blood  mononuclear  cells 
following  our  simplified  feezing  method  compares  favorably  with 
reports  of  other  investigators  using  more  complicated  freezing  regi¬ 
mens  5,18 > 20 . 
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TABLE  1 


HARVEST  OF  PERIPHERAL  BLOOD  MONONUCLEAR  CELLS 
AND  PLATELETS  FROM  26  APHERESIS  PROCEDURES  IN 

NORMAL  DOGS 


WBC  X  109 

%MNC 

Total  MNC  x  109 

Platelets  x  10J 

MEAN 

2.03 

67.1 

1.34 

1.26 

• 

Q 

• 

W 

.43 

14.5 

.39 

.45 

RANGE  1.09  -  3.05  41.5-91.0 


0.88-2.38 


0.25-2.54 


TABLE  2 


RECOVERY*  OF  PERIPHERAL  BLOOD  MONONUCLEAR  CELLS 
FOLLOWING  FREEZING,  THAWING  AND  WASHING 


METHOD  OF 
FREEZING 


NO,  OF  NO.  OF  CELLS  NO.  OF  CELLS 
EXPTS  FROZEN  x  10 9  RECOVERED 

POST-THAW 
x  109 


%  OF  NO.  NO.  OF  CELLS  %OF  NO. 
FROZEN  RECOVERED  FROZEN 
POST-WASH 
X  109 


-80  (simple) 

8 

.74+  .44 

.63+  .29 

83 

+ 

18 

.70 

+  .42 

84 

+ 

15 

-80 

6 

.69+  .14 

.59+  .14 

35 

+ 

11 

.51 

+  .17 

73 

+ 

19 

1  C/min 

7 

.70+  .10 

.67+  .14 

89 

+ 

11 

.72 

+  .27 

94 

+ 

9 

♦Relates  only  to  countable  cells  and  does  not  address  viability 


TABLE  3 


VIABILITY  OF  PERIPHERAL  BLOOD  MONONUCLEAR  CELLS 
FOLLOWING  FREEZING,  THAWING  AND  WASHING 


METHOD  OF 
FREEZING 

NO.  OF 
EXPERIMENTS 

%  VIABILITY 
AFTER  THAWING 

%  VIABILITY 
AFTER  WASHING 

-80  (simple) 

8 

62  +  13 

80  +  9 

-80 

6 

56  +  16 

72  +  11 

1  C/min 

7 

47  +  19 

74  +  8 

TABLE  4 


RECOVERY  OF  VIABLE  PERIPHERAL  BLOOD  MONONUCLEAR 
CELLS  FROM  DOG  BUFFY  COATS  AFTER  FREEZING,  THAWING 

AND  WASHING 


METHOD  OF  FREEZING 

•80  (simple) 

-80 

1  C/min 

NUMBER  OF  EXPERIMENTS 

8 

6 

7 

No. OF  CELLS  FROZEN  x  10 9 

.74 

+ 

.44 

.69  + 

.14 

.70 

+ 

.10 

No.  VIABLE  POST-THAW 

.41 

+ 

.15 

.32  + 

.06 

.34 

+ 

.21 

X  109 

%  VIABLE  POST-THAW 

56 

+ 

22 

46  + 

11 

48 

+ 

22 

No.  VIABLE  POST-WASH 

.50 

+ 

.23 

.39  + 

.11 

.51 

+ 

.20 

x  109 

%  VIABLE  POST-WASH 

67 

+ 

20 

57  + 

08 

73 

+ 

16 

TABLE  5 


EFFECT  OF  LENGTH  OF  COLLECTION  INTO  THE  BUFFY  COAT 
DURING  PLATELET  APHERESIS  ON  THE  NUMBER  OF  WHITE 
BLOOD  CELLS  AND  MONONUCLEAR  CELLS  ISOLATED  USING 
THE  HAEMONETICS  MODEL  30  BLOOD  PROCESSOR 


DURATION  OF 
COLLECTION 

NUMBER  OF 
EXPERIMENTS 

TOTAL  WBC 

X  109 

% 

.MNC 

60  seconds 

13 

2.03  +  .34 

60 

+  16 

45  seconds 

34 

1.88  +  .52 

73 

+  14 

19 


TOTAL  MNC 

X  10^ 

1.24  +  .34 
1.33  +  .30 
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